Context: Treatment of 21-hydroxylase deficiency (21OHD) is difficult to optimize. Normalization of excessive ACTH and adrenal steroid production commonly requires supraphysiologic doses of glucocorticoids.
sors, such as 17␣-hydroxyprogesterone (17OHP), accumulate and proceed along pathways toward androgens. The enzymatic impairment varies from complete to mild, resulting in a wide range of disease manifestations. The most severe or "classic" disease always features cortisol deficiency with or without concomitant aldosterone deficiency, while patients in whom cortisol production is preserved are classified as "nonclassic." Girls with classic 21OHD are born with variably virilized external genitalia from intrauterine androgen excess, whereas patients with nonclassic 21OHD might present with premature pubarche, hirsutism, and acne (2) .
Treatment of classic 21OHD aims to replace the deficient hormones and at the same time to restore the negative feedback on the hypothalamus and pituitary to reduce the excessive adrenal androgen synthesis. This therapeutic balance is often difficult to achieve. Supraphysiologic glucocorticoid doses are frequently required to normalize the androgens, promoting iatrogenic Cushing syndrome and associated health consequences. Adults with 21OHD suffer high rates of obesity, metabolic syndrome, and low bone mass (3, 4) . Novel nonglucocorticoid treatments to reduce adrenal androgen production could minimize excess glucocorticoid exposure and its side effects.
Because elevated ACTH is the primary driver for adrenal steroid production in 21OHD, a successful treatment strategy might be to develop nonsteroidal agents that can directly block ACTH synthesis. CRF is the primary regulator of the hypothalamic-pituitary-adrenal (HPA) axis and is released from the hypothalamus into the hypophyseal portal system, acting directly on specific receptors on pituitary corticotropes. Two different types of CRF receptors exist: CRF type 1 (CRF 1 ) receptor, abundant in the pituitary and in the neocortex, and CRF type 2 receptor, predominantly found in the periphery, but also in some brain areas such as the septum, ventromedial hypothalamus, and dorsal raphe nucleus (5, 6) . CRF receptor antagonists have been shown to reduce ACTH release both in vitro and in vivo (7) (8) (9) (10) . By acting directly on the pituitary to decrease ACTH, CRF 1 receptor antagonists could effectively reduce adrenal steroid production, while obviating the need for supraphysiologic doses of glucocorticoids. The present study was designed to evaluate the safety and tolerability of the selective smallmolecule CRF 1 receptor antagonist NBI-77860 in women with classic 21OHD. We specifically tested the hypothesis that CRF 1 receptor blockade can effectively decrease the earlymorning rise of ACTH from the pituitary and subsequently 17OHP rise from the adrenal. This result would provide proof of concept and justify multiple-dose studies to determine downstream effects to lower androgens in patients with 21OHD.
Participants and Methods

Study design
We conducted a phase Ib, singleblind, placebo-controlled, fixed-sequence, single-dose study at the University of Michigan, Ann Arbor. Participants were eight adult females with classic 21OHD, confirmed by ge- . Inclusion criteria included a morning serum 17OHP higher than 1000 ng/dL (30 nmol/L), serum cortisol of lower than 5 g/dL (138 nmol/L), and ACTH of at least 20 pg/mL (4.4 pmol/L). All participants received a stable glucocorticoid replacement regimen for a minimum of 30 days before study enrollment (as detailed in Supplemental Table 1 ) and throughout the duration of study, with the exception of intercurrent illnesses. Contraception was required throughout the study duration for premenopausal women with a uterus. Patients with evidence of substance abuse, hepatitis B or C, HIV infection, or dexamethasone therapy were excluded. Concurrent use of other investigational drugs, strong or moderate CYP3A4 inhibitors, or inducers was not permitted throughout the study duration. The study was conducted following institutional review board approval (HUM00077960) under written informed consent from all participants. All participants completed the entire study dosing and pharmacokinetic sampling protocol.
Participants received a fixed sequence of three single-dose treatments administered at approximately 10 PM: placebo or NBI-77860, 300 mg and 600 mg, separated by 3-week drug-free intervals ( Figure 1 ). To facilitate an unimpeded rise of ACTH, glucocorticoid therapy was withheld for 20 hours from 6 PM the day of treatment until 2 PM the following day. For each treatment period, blood samples were obtained predose, hourly for the first 4 hours, every 2 hours between 4 and 16 hours postdose, and every 4 hours between 16 and 24 hours after each treatment. In addition, samples were obtained weekly during the 21-day drugfree interval and approximately 5 weeks after the last dose of NBI-77860. Pharmacokinetic assessments for NBI-77860 included the area under the concentration curve from 0 to 24 hours (AUC 0 -24 ), maximum plasma concentration (C max ), and time to achieve maximum plasma concentration. The HPA axis biomarkers ACTH, 17OHP, androstenedione, testosterone, and cortisol, as well as tests of safety, were measured at the same sampling time points. ACTH and 17OHP measurements during a prespecified period of 6 -10 AM (8 -12 hours postdose) were chosen as the primary pharmacodynamic measure, corresponding to the time when control of adrenal steroid synthesis is most difficult to achieve in this population with physiologic glucocorticoid dosing. ACTH was assayed by immunochemiluminescence, and steroid assays were performed with liquid chromatography-tandem mass spectrometry at Quest Diagnostics; comprehensive steroid panel 90392. Quest also performed CYP21A1P/CYP21A2 genotyping to confirm the classic 21OHD diagnosis.
Statistical analyses and safety
All pharmacodynamic, pharmacokinetic, and safety analyses included all participants who received at least one dose of study drug in any treatment period. Descriptive statistical methods were used to summarize data from this study. The statistical output was generated using SAS software (version 9.3), and participant medical history and adverse event data were coded using the Medical Dictionary for Regulatory Activities (version 16.0).
Pharmacodynamic data. Serum 17OHP, plasma ACTH, serum androstenedione, and serum testosterone levels were summarized for each treatment period (placebo, NBI-77860 300 mg, and NBI-77860 600 mg) using the observed (raw) concentrations as well as the absolute and percent change from predose levels. A timepoint aggregate was added to this analysis to define the "morning window," ie, the data recorded at 8, 10, and 12 hours postdose (between 6 and 10 AM).
Pharmacokinetic data. Plasma concentrations of NBI-77860 were summarized by nominal (scheduled) timepoint and NBI-77860 dose (300 or 600 mg). Pharmacokinetic parameters, including AUC 0 -24 and C max , were calculated for NBI-77860 using noncompartmental methods.
Safety data. Treatment-emergent adverse events (TEAEs) were defined as events with an onset that occurred any time after the first dose of study drug through the final study visit. The TEAEs were categorized by the Medical Dictionary for Regulatory Activities system organ class and preferred term, and then summarized in frequency tables by treatment. Because of the low incidence of TEAEs during the study period, the two NBI-77860 doses were combined for the purposes of these summaries. Changes in psychiatric symptoms were also measured using the Brief Psychiatric Rating Scale, version 4.0.
Results
ACTH and steroid dynamics
During the placebo period, the early-morning rise of plasma ACTH began on average at 2-4 AM (4 -6 hours postdosing; shaded area in Figure 1B) , and ACTH remained high through the predefined morning window (6 -10 AM; 8 -12 hours postdosing designated by the asterisk in Figure 1B ) until the administration of hydrocortisone at 2 PM. During the placebo phase, plasma ACTH and serum 17OHP rose overnight and achieved mean values of 533 pg/mL (117 pmol/L) and 5390 ng/dL (163 nmol/L), respectively ( Figures 1B and 2) . Administration of NBI-77860 attenuated and delayed the rise in ACTH and 17OHP at both doses (Figure 2 ). Relative to placebo, NBI-77860 reduced the 6 -10 AM ACTH rise by a mean of 43% for 300 mg and by 41% for 600 mg (Table 2 and Figure 2A , 6 -10 AM indicated by bracket with asterisk). Both 300 mg and 600 mg NBI-77860 doses also decreased serum 17OHP in the morning window by 0.7% and by 27%, respectively, compared to placebo (Table  2 and Figure 2B , 6 -10 AM indicated by bracket with asterisk).
Individually, participants were classified as "responders" if serum 17OHP declined at least 50% from placebo values at one or more time points within the 6 -10 AM window. Of the eight participants, four fulfilled this criterion (Table 1 ). All responders were younger than 25 years of age and all had a BMI lower than 26 kg/m 2 . Conversely, the BMI was more than 26 kg/m 2 for all but one nonresponder. A direct correlation was observed overall between fractional reductions from predose values in ACTH and in 17OHP ( Figure 3A ; N ϭ 193, r ϭ 0.814, P Ͻ .05). Reductions in serum testosterone and androstenedione were observed in some participants during one or both treatment periods (Table 3) .
Pharmacokinetic and safety analysis of NBI-77860
Mean AUC 0 -24 values were 3450 Ϯ 2010 hours/ng/mL for 300 mg and 8300 Ϯ 2750 hours/ng/mL for 600 mg NBI-77860. Mean C max values were 551 Ϯ 343 ng/mL a Patients were classified as "responders" if they had at least a 50% reduction of 17OHP from placebo levels at one or more time points within the 6 -10 AM window. BSA, body surface area. Figure 3B ; r ϭ Ϫ0.569, P Ͻ .05) and serum 17OHP (Figure 3C ; r ϭ Ϫ0.422, P Ͻ .05), demonstrating a pharmacologic concentration-response relationship. Both NBI-77860 doses were well tolerated. TEAEs are summarized in Supplemental Table 2 . No adverse events were consistently observed or confidently attributed to NBI-77680. Three participants experienced six headache events during the study, and two of three experienced headaches after placebo as well. All headaches occurred in the afternoon following the evening dosing and were graded as mild. All headaches lasted less than 2 hours, and acetaminophen 650 mg was administered for relief during one event. No changes in psychiatric symptoms as measured using the Brief Psychiatric Rating Scale, version 4.0, were observed.
Discussion
A central goal of 21OHD treatment is to attenuate the excessive adrenal androgen production. Current therapeutic strategies are limited to glucocorticoids given at supraphysiologic doses and nonphysiologic administration schemes to lower ACTH, which is the main driver of adrenal androgen synthesis. Although effective, these regimens promote iatrogenic Cushing syndrome and discourage adherence (3, 4) . Continuous subcutaneous hydrocortisone infusion has been used experimentally in young patients with increased cortisol clearance; this approach achieved lower 17OHP and adrenal androgen production despite a lower total daily dose (11, 12) . Although conceptually appealing, this approach is expensive, labor-intensive, and impractical for most patients and physicians. Modified-release hydrocortisone preparations that attempt to mimic the cortisol circadian rhythm and to suppress the ACTH rise in the early morning have recently emerged (13, 14) . Compared with conventional therapy, one modified-release hydrocortisone system decreased androstenedione and 17OHP with lower hydrocortisone dose equivalent (13) . Although promising, these approaches still rely exclusively on glucocorticoid-mediated negative feedback suppression of ACTH, and long-term superiority vs conventional therapy remains to be shown.
Our study is the first to explore an alternative strategy to lower ACTH in patients with 21OHD, employing a small-molecule antagonist for the CRF 1 receptor. The first CRF 1 receptor antagonists developed were tested for their antidepressant and anxiolytic effects in large well-con- Correlation between plasma concentration (exposure) of NBI-77860 and plasma or serum concentrations of ACTH (B; r ϭ Ϫ0.569, P Ͻ .05) and 17OHP (C; r ϭ Ϫ0.422, P Ͻ .05). All measurements were taken during the early-morning rise of ACTH defined by the increase in all eight subjects and corresponded to the 4-and 6-hour timepoints postdosing (2-4 AM) illustrated in Figure 1B. trolled clinical trials (15, 16) , but none has yet progressed beyond the phase 2 proof-of-concept stage. NBI-77860 emerged as a high-affinity CRF 1 receptor antagonist in 2010 (17) , and its use has been explored in patients with major depressive disorder (unpublished data referenced in www.ClinicalTrials.gov NCT00733980) and posttraumatic stress disorder (18) . In the current study, we tested the ability of NBI-77860 to lower ACTH in patients with classic 21OHD, for whom HPA axis activation is central to the pathophysiology of the disease.
In this initial study, we found that a single bedtime dose of NBI-77860 in women with 21OHD decreased ACTH and/or 17OHP in six of eight study participants. Although the effect was more robust in subjects younger than age 25 years, these women were also leaner than the others. The reduction in ACTH and 17OHP appeared to be dependent on dose and drug exposure. Thus, it is possible that higher doses than 600 mg might be necessary to lower ACTH in some patients, particularly those with BMI higher than 29 kg/m 2 . Interestingly, among responders, decreases in serum androstenedione and testosterone following single doses of NBI-77860 were not consistently observed, possibly because suppression of these downstream steroids requires a more sustained ACTH reduction. Chronic dosing of a CRF 1 receptor antagonist would help determine the effectiveness of this potential therapy.
In this study, a single dose of NBI-77860 up to 600 mg was well tolerated. As in prior studies of NBI-77860 in healthy controls and depressed subjects (18) , the most common adverse event was headache. All headaches occurred in the afternoon following either placebo or study drug while glucocorticoids were withheld. Because the usual glucocorticoid dose was held the following morning, we speculate that the headache might have been caused by the glucocorticoid withdrawal. The highest doses previously used in clinical trials were 600 mg administered as a single dose and 350 mg administered for 6 weeks (18) . Because of the exaggerated ACTH elevation in patients with classic 21OHD, we assessed the safety and tolerability of 300 and 600 mg, and no additional or dose-dependent adverse events were observed in this small trial.
This exploratory proof-of-principle study has limitations typical of phase I clinical trials: a small number of participants, a single and fixed dose of the administered compound, and suspended glucocorticoid therapy during the window of time used for the primary endpoint. For these reasons, our data do not allow a comprehensive assessment of the efficacy and safety of NBI-77860 as it might be used in clinical practice. Nonetheless, the singledose administration of this CRF 1 receptor antagonist demonstrated positive evidence of target engagement with press.endocrine.org/journal/jcemmeaningful reductions in the target hormonal biomarkers, ACTH and 17OHP, in most of the patients tested.
In conclusion, in this phase Ib, single-blind, placebocontrolled trial, we showed that one dose of the CRF 1 receptor antagonist NBI-77860 produces clinically significant reductions in morning ACTH and 17OHP in females with classic 21OHD. Our data support the use of CRF 1 receptor antagonists as promising agents for the treatment of patients with 21OHD as a strategy to reduce ACTH production without raising glucocorticoid therapy above physiologic replacement doses. Advancing CRF 1 receptor antagonists into larger, longer term multidose trials will allow better assessment of the efficacy in mitigating adrenal androgen overproduction and improving outcomes in patients with 21OHD.
